Sepsis, a poorly understood syndrome of disordered inflammation, is the leading cause of death in critically ill patients. Lung injury, in the form of the Acute Respiratory Distress Syndrome (ARDS), is the most common form of organ injury in sepsis. The Heat Shock Response, during which Heat Shock Proteins (HSPs) are expressed, is an endogenous mechanism to protect cells from injury. We have found that the abundance of pulmonary Heat Shock Protein 70 (HSP70) is not increased following cecal ligation and double puncture (CLP), a rat model of sepsis-induced ARDS. Using the HIV-1 Trans-Activator of Transcription (TAT) cell penetrating protein, we enhanced HSP70 protein abundance in the lung. We found that intra-tracheal (IT) administration of HSP70 using the TAT methodology, just after CLP (CLP-TAT-HSP70), when compared to treatment with phosphate buffered saline (PBS) (CLP-PBS), significantly increased HSP70 abundance in the lung 24 and 48 h post surgery. Treatment of septic rats with TAT-HSP70 increased HSP70 abundance in histologically normal and abnormal lung regions. In addition, TAT-HSP70 treatment significantly decreased the levels of Macrophage Inflammatory Protein (MIP) -2 and Cytokine Induced Neutrophil Chemoattractant (CINC) -1 24 h after CLP. TATHSP70 treatment reduced Myeloperoxidase abundance 48 h post-CLP and attenuated histological evidence of inflammation at both 24 and 48 h. Administration of TAT-HSP70 also improved 48 h survival in this rat model of sepsis. Thus, IT administration of TAT-HSP70 increased HSP70 abundance in the lung and attenuated the lung injury. Enhancing pulmonary HSP70 using TAT is a novel potential therapeutic strategy for the treatment of ARDS that will be explored further.
Introduction
Sepsis, an often fatal syndrome of disordered inflammation, is the leading cause of death in the critically ill (1) (2) (3) . Recent data indicate in excess of 1,000,000 new cases/year in the United States (1, 4) . Mortality from sepsis-related syndromes is high, and survivors often have cognitive and musculoskeletal dysfunction and poor quality of life (4) (5) (6) (7) . Sepsis is especially prevalent among vulnerable populations such as the elderly (8) . Treatment of this complex disorder is also expensive -sepsis care now costs the United States healthcare system in excess of $24 billion/year (9) (10) (11) (12) . Clearly, sepsis is a public health problem of enormous importance.
The lung is the organ most often affected by sepsis. Pulmonary dysfunction in sepsis, termed the Acute Respiratory Distress Syndrome (ARDS), may progress rapidly from mild to moderate to severe injury (13) . While ARDS is most often initiated by pathology within the lung itself, it can also arise as a result of remote injury or infection, including intraabdominal infection (14) . ARDS is characterized pathologically by alveolar damage, interstitial and alveolar edema, altered blood flow and capillary disruption, and damage to Type I and II alveolar epithelial cells that in part reflect dysregulated inflammation with aberrant activation of neutrophils and macrophages (15) (16) (17) (18) (19) . While early identification and protective ventilation strategies have reduced ARDS-associated mortality, the combination of significant mortality, life-altering disability in survivors and substantial financial implications mandate novel approaches to treatment (20, 21) .
The Heat Shock Response (HSR) is a highly conserved endogenous mechanism that protects cells from injury. In the HSR, cells respond to a number of noxious stimuli by expressing Heat Shock Proteins (HSPs), polypeptides that regulate protein folding/unfolding, intracellular transport, denaturation/aggregation, and degradation (22) . In previous work we have shown that expression of a family of HSPs with molecular weights around 70kDa (collectively are called HSP70) is diminished in the lungs of rats with sepsis-induced ARDS (23) . Increasing HSP70 abundance using an adenoviral vector delivery system (AdHSP) significantly decreased lung injury in rats subjected to cecal ligation and double puncture (CLP) (24, 25) . AdHSP also limited CLP-mediated activation of the transcription factor NF-κB, blocked caspase-induced death of Type I pulmonary epithelial cells and attenuated excessive cell division and proliferation of Type II pulmonary cells (26) (27) (28) . However, use of adenoviral vectors has been associated with excessive inflammation in transduced cells, dysregulated triggering of inflammatory pathways, the development of excessive cytolytic responses and death (29) . Thus, development of alternative delivery strategies to enhance HSP70 abundance in the lungs might be of immense value.
The Trans-Activator of Transcription (TAT), a non-toxic, non-infectious cell penetrating protein derived from the Type 1 HIV virus, is a potential protein delivery system (30, 31) .
TAT has been used to introduce more than 50 proteins into cells, both in vivo and in vitro (32) (33) (34) . We have previously attenuated CLP-induced lung injury in rats using the TAT protein to deliver an inhibitor of one isoform of protein kinase C (δPKC) into the lungs (35, 36) . In this study, we hypothesize using the TAT delivery system to enhance intracellular HSP70 abundance in pulmonary cells of rats with lung injury secondary to CLP will have a similar effect to AdHSP.
Materials and Methods

Production of TAT-HSP70
The recombinant TAT-HSP70 fusion protein (gift of H. Wong MD, Cincinnati Children's Hospital) was introduced into a replication vector (Impact Pharmaceuticals, Swarthmore, PA) and was expressed in Escherichia Coli as previously described (37) . The purity of the resulting protein was ~90%.
Animal Protocol and Induction of Sepsis
All animal experiments were approved by the University of Pennsylvania Institutional Animal Care and Use Committee and were conducted in an approved facility overseen by the University Laboratory Animal Resources Center. Studies were performed on male 8-12 week old Sprague-Dawley (SD) rats weighing 250 -300 grams, (Charles River, Boston, Massachusetts, USA). Rats were housed in a climate controlled, 12 h light/12 h dark cycle facility and allowed free access to food and water. Previous studies have demonstrated that these animals reliably develop ARDS after CLP (23, 35, 36) .
CLP was performed under 2% Isoflurane anesthesia as previously described (23) . After ligation the cecum was punctured twice with an 18-gauge needle. In Sham Operated (SO) controls the cecum was manipulated but not ligated or punctured. Intra-tracheal (IT) instillation of TAT-HSP70 or phosphate buffered saline (PBS) (vehicle) was conducted via tracheotomy as previously described (24) . In treated animals, 200μl of PBS containing 100 μg of TAT-HSP70 (CLP-TAT-HSP70) were injected into a tracheal cannula inserted through a small incision. A like volume of PBS alone was administered IT to control (CLP-PBS) animals. Injection was followed by 2 ml of air to assure equal distribution of agent into lungs (24) . Immediately following surgery and every 24 h thereafter, both SO and CLP animals were fluid resuscitated with 50 ml/kg of 0.9% saline subcutaneously. Prior to intervention, specific rats in each of four interventional groups were designated for sacrifice at 24 or 48 h. At the appropriate time point, rats received an intra-peritoneal injection of pentobarbital (200mg/kg). The laparotomy incision was re-opened and the animals were exsanguinated via the abdominal inferior vena cava.
Previous studies have indicated that at least three surviving animals are required to provide sufficient data to determine significance (23) . To assure sufficient numbers a total of 73 animals were studied (Table 1 ). In addition, prior studies in our lab have established that basal levels of HSP70 protein abundance were not significantly altered by SO. Therefore, SO studies were not replicated (23) .
Lung Isolation
Following exsanguinations, each lung was removed and gently perfused with fixative (Tissue-Tek OCT Compound, Electron Microscopy Sciences, Hatfield, PA). Individual lobes were separated from each other and some were flash frozen in liquid nitrogen. 5μm sections were prepared, adhered to glass slides and stored at -80°C until analysis. The remaining lobes were removed en bloc, gently perfused with 0.9% saline, homogenized and protein was extracted.
Whole Lung Protein Extract
Homogenization for protein was conducted as previously described (38) . The final protein extract was filtered through an Amicon Ultra-4 50K Centrifugal Filter Device (Merck Millipore, Billerica, MA) to maximize recovery. Protein concentration for each sample was determined using the Microplate BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).
Immunohistochemistry and Quantification of HSP70 and MPO Abundance in Lung Parenchyma
Lung sections were thawed and incubated with blocking buffer (Starting Block, Thermo Fisher Scientific Inc., Rockford, IL) and then fixed in 10% buffered formalin. HSP70 abundance was determined using a 1:100 dilution of a goat polyclonal (SC 1060, Santa Cruz Biotechnology, Inc., Dallas, TX). Myeloperoxidase (MPO) abundance was assessed using a 1:100 dilution of a rabbit polyclonal antibody to MPO (SC 33596, Santa Cruz Biotechnology, Inc., Dallas, TX). The secondary antibody was a 1:800 dilution of a donkey anti-goat coupled to Alexa Fluor 555 (Invitrogen/Life Technologies, Grand Island, NY) and Alexa Fluor 555 goat anti-rabbit (Invitrogen/Life Technologies, Grand Island, NY). Sections were incubated with 4',6-diamidino-2-phenylindole (DAPI) to allow visualization of cell nuclei (Molecular Probes, Eugene, OR). Similar incubation and staining were performed on samples of human malignant lung tissue (tissue samples were provided by the Cooperative Human Tissue Network, Department of Pathology and Lab Medicine at the University of Pennsylvania and approved for research purposes by Penn IRB and the National Cancer Institute, National Institutes of Health) that provided positive and negative controls for the HSP70 antibody (39, 40) . Fluorescent mounting medium from KPL (Gaithersburg, MD) was added prior to microscopic examination. Fluorescence was quantified using the iVision for Macintosh Scientific Image Processing program, (iVision 4.0.14, Biovision Technologies, Chester Springs, PA). The total number of nucleated cells positive for HSP70 and the number of DAPI-positive cells per high-powered field were counted. The mean fluorescence intensity of MPO per cell was calculated. Cell counts on ten randomly-chosen high-powered fields per lung lobe section per rat were assessed, counted and averaged.
Determination of MIP-2 and CINC-1 Protein Activity
Abundance of MIP-2 and CINC-1 protein in whole lung homogenate was measured by Enzyme-Linked Immunosorbent Assays (Rat GRO−β/MIP−2, Antigenix America, Huntington Station, NY, and Rat CXCL1/CINC-1, R&D Systems, Minneapolis, MN). The inter-assay coefficient of variation was ≤ 10 %.
Lung Histology and Morphology
Lung sections were stained with hematoxylin and eosin (H&E) and evaluated by a veterinary pathologist blinded to procedure and intervention. Evidence of minimal, mild, moderate or marked neutrophil score (neutrophil count of 0-15, 15-25, 25-50, >50 respectively), and normal or abnormal changes consistent with ARDS were assessed using the following criteria: location of lesion, septal thickening, amount of interstitial proteinacious material (fibrin/edema), alveolar collapse (or areas containing alveolar histiocytes, eosinophils and mast cells), hyaline membrane and presence of lymphocytes. In addition, the percentage of inflamed areas, calculated by the criteria listed above, per lobe was quantified using a computer algorithm (Aperio Image Scope program, v11.0.2.725 for PC, Pathology Core Laboratory, Children's Hospital of Philadelphia Research Institute, Philadelphia, PA).
Statistical Analysis
Our primary outcome variables were indices of lung injury -histology score, MPO (and, by extension, neutrophil) abundance and chemokine expression. Previous studies focusing on the same variables have required the study of three animals per time point (all four papers on AdHSP). Therefore, as requested by our IACUC, we used this same approach to limit the number of animals required for this study. We made provisions to investigate additional animals should there be a suspicion of beta error. The significance of differences in protein abundance in lung homogenate as a function of time and intervention was determined using two-tailed ANOVA with a Bonferroni correction. For survival studies Kaplan Meier and Cox proportional hazard regression analyses were performed. Significance was set at p < 0.05. A general linear model, allowing for the inclusion of data from all time points, was used for the statistical analysis assuming equal variance in order to further maximize statistical power.
Results
Intra-tracheal administration of TAT-HSP70 increased HSP70 protein abundance in the lungs following CLP
We show stable bacterial protein expression of recombinant TAT-HSP70 used in our experiments (Fig. 1A) . Positive and negative controls for HSP70 antibody are shown in Figs. 1C and E, and Figs. B and D, respectively. We first determined the effect of TAT-HSP70 administration on HSP70 abundance in the lungs. There was no statistically significant difference in the abundance of HSP70 in untreated (T0) controls (Fig. 1E ) or in animals studied at either 24 (Fig. 1F) or 48 h (Fig. 1H) following CLP (Fig. 1) . In contrast, treatment with TAT-HSP70 significantly increased HSP70 abundance at 24 (Fig. 1G ) and 48 h (Fig. 1I) after CLP relative to both T0 and to abundance in CLP animals treated with PBS (Fig. 1J) .
Lyons et al.
Page 5 Shock. Author manuscript; available in PMC 2016 June 01.
Intra-tracheal administration of TAT-HSP70 increased HSP70 protein abundance in abnormal and normal lung sections following CLP
Lung damage in ARDS is heterogenous and falls on spectrum of severity from un-altered to severely abnormal. The pathologic changes include septal thickening, accumulation of interstitial proteinacious material (fibrin/edema), alveolar collapse, presence of hyaline membrane and enhanced abundance of lymphocytes and neutrophils.
To determine if TAT-HSP70 preferentially affected normal or abnormal lung regions, we examined the effects of CLP and treatment on HSP70 abundance in random sections of whole lung lobes. TAT-HSP70 increased HSP70 abundance in both normal and abnormal lung regions at both 24 and 48 h after CLP. The increases in HSP70 abundance as a function of time from intervention or histologic abnormality did not differ significantly from each other (data not shown).
Intra-tracheal administration of TAT-HSP70 attenuated histologic findings of lung injury following CLP
Prior work has shown that augmenting HSP70 abundance ameliorated histologic evidence of lung injury following CLP (24) . To determine if this was also the case using the TAT delivery system, we examined representative lung lobe sections. When compared to samples from T0 rats ( Fig. 2A) , lung histology and architecture became progressively more abnormal in CLP rats treated with PBS (Figs. 2B and 2D ). In contrast, at both 24 and 48 h following CLP, lung injury was minimal in rats treated with TAT-HSP70 (Figs. 2C and E). Thus, treatment with TATHSP70 limited CLP-induced lung injury.
Intra-tracheal administration of TAT-HSP70 decreased MPO abundance at 48 hours following CLP
Previous studies have shown that increasing HSP70 abundance following CLP limited neutrophil infiltration into lung tissue. To determine whether improved lung histology was associated with decreased neutrophil influx, we examined lung MPO levels using 
TAT-HSP70 administration decreased whole lung protein abundance of MIP-2 and CINC-1 at 24 hours following CLP
Sepsis-induced increases in pulmonary neutrophil infiltration are mediated, in part, by chemokines, most notably MIP-2 and CINC-1. To determine the effects of TAT-HSP70 on MIP-2 and CINC-1 protein abundance, we analyzed levels in homogenized lung tissue. MIP-2 and CINC-1 protein abundance were significantly increased at 24 h following CLP in PBS-treated rats (Figs. 4 and 5) . Treatment with TAT-HSP70, however, significantly reduced CLP-induced increases in MIP-2 and CINC-1 levels at 24 h following CLP. Changes in pulmonary levels of CINC-1 and MIP-2 were not sustained at 48 hours.
TAT-HSP70 administration increased survival at 48 hours following CLP
To determine if TAT-HSP70 had an effect on survival, we analyzed mortality at the designated 24 and 48 h time points (Fig. 6 ). There was a 65% survival rate in rats subjected to CLP and treated with PBS at 48 h. In contrast, 86% of the septic rats that received TAT-HSP70 survived to 48 h (p = 0.09). Thus, treatment with TAT-HSP70 resulted in a trend for the CLPTAT-HSP70 treated rats to survive at 48 h.
Discussion
The data presented here demonstrate that use of the TAT peptide is an effective way to increase the abundance of HSP70 in the lungs of rats subjected to CLP. This increase in HSP70 was associated with reduced histologic lung injury, decreased neutrophil infiltration and an early reduction in MIP-2 and CINC-1 expression. While the study was not powered to examine mortality, we also observed a trend towards improved survival at 48 h.
Previous studies have shown that enhancing HSP70 abundance in rats with ARDS secondary to CLP improved a number of parameters (24, (26) (27) (28) . However, these studies introduced HSP70 using an adenoviral vector. This approach relies upon use of an infective agent and requires that the mechanisms mediating endogenous gene expression remain intact. Therefore, we sought an alternative approach. The TAT protein has been used to increase protein abundance in a number of settings, including this same model of ARDS, and thus seems a logical choice. Our data do indeed indicate this method can be used successfully. We also were able to demonstrate that, TAT-mediated transduction protein resulted in uniform distribution of HSP70 throughout the lung, a finding we have not previously demonstrated.
Neutrophils are believed to play an important role in the development of the lung injury that characterizes ARDS and, indeed neutrophil abundance in the lung increases following CLP (35, 36, 41) . In rats, neutrophil accumulation is primarily mediated by the chemotactic proteins, CINC-1 and MIP-2, which performs a function similar to that of IL-8 in humans. CINC-1 and MIP-2 levels increased in response to CLP, peaking at 24 h and then decreasing. Administration of TAT-HSP70 significantly reduced pulmonary levels of both CINC-1 and MIP-2 at 24 h. The increase was not sustained to 48 hours, a finding consistent with a decrease in neutrophil infiltration, as demonstrated by a decrease in MPO.
The mechanisms by which TAT and its cargo protein enter cells remain unknown. Studies to date are inconclusive but suggest intracellular localization through macropinocytosis, clathrin-mediated endocytosis or the formation of lipid rafts through caveolae processes (33, 34) . Specific characteristics of the TAT protein that are favorable to cargo peptide or protein transduction include TAT's highly cationic, arginine and lysine-rich structure facilitating transduction through the hydrophobic lipid bilayer and negatively charged cell membrane.
Our previous work has suggested several mechanisms by which intracellular HSP70 protein abundance might reduce indirect lung injury (24, (26) (27) (28) . These include limiting NF-κB activation, preservation of pulmonary epithelial alveolar Type I cells, attenuated proliferation of Type II cells and impairment of apoptotic cellular pathways. Given the similarities between the changes reported here and those observed in studies where HSP70 was delivered using an adenoviral vector, it is logical that the same mechanisms are operant.
Our study has significant limitations that have important ramifications. We used a single dose of TAT-HSP70 and administered it at the time of CLP. Clearly this cannot be done in clinical practice. Additional experiments to establish the therapeutic window for TAT-HSP70 are clearly warranted. Further, we selected a dose of 100μg based on pilot studies. Generation of a dose -response curve would be an important future project. Conversely, we used a single dose. TAT-HSP70 could be given several times to an individual patient. We examined the effects of our outcomes at two pre-determined time-points. The study was not appropriately powered to examine outcome and a survival study would be important. Finally, recent studies have questioned the validity and generalizability of findings from CLP studies in mice to the human syndrome. Indeed, a litany of factors must be considered prior to extrapolating animal data to clinical human syndromes (42) . None-the-less, the use of low tidal-volume ventilation is the only treatment to decrease mortality and hospital length of stay in human ARDS (20, (43) (44) (45) . Therefore, exploration of a potentially viable approach, such as the use of TAT-HSP70, must be considered.
In conclusion, we have demonstrated that increasing HSP70 using the TAT-protein system is a viable delivery mechanism with which to approach treatment of CLP-induced ARDS in rats. Future studies will seek to optimize the use of TAT-HSP70 as a treatment for lung injury secondary to sepsis. Shock. Author manuscript; available in PMC 2016 June 01.
